Histone acetylation has been linked to cardiac hypertrophy and heart failure. However, the pathological implications of changes in histone methylation and the effects of interventions with histone methyltransferase inhibitors for heart failure have not been fully clarified. Here, we focused on H3K9me3 status in the heart and investigated the effects of the histone H3K9 methyltransferase inhibitor chaetocin on prognoses in Dahl salt-sensitive rats, an animal model of chronic heart failure. Chaetocin prolonged survival and restored mitochondrial dysfunction. ChIP-seq analysis demonstrated that chronic stress to the heart induced H3K9me3 elevation in thousands of repetitive elements, including intronic regions of mitochondria-related genes, such as the gene encoding peroxisome proliferator-activated receptor-gamma coactivator 1 alpha. Furthermore, chaetocin reversed this effect on these repetitive loci. These data suggested that excessive heterochromatinization of repetitive elements of mitochondrial genes in the failing heart may lead to the silencing of genes and impair heart function. Thus, chaetocin may be a potential therapeutic agent for chronic heart failure.
Scientific RepoRts | 7:39752 | DOI: 10.1038/srep39752 transcription factor access to the DNA and the recruitment of transcriptional complexes to gene promoter/ enhancer regions 15 . Histone acetylation and deacetylation are known to play a role in the development of cardiac hypertrophy and heart failure 16, 17 . Furthermore, inhibition of histone deacetylase (HDAC) activity prevents cardiac remodeling 18 . HDAC inhibitors are likely to have multiple mechanisms of efficacy 19 , including inhibition of cardiac hypertrophy 20, 21 , autophagy 22 , apoptosis 23 , cardiac fibrosis 24, 25 , inflammation 26, 27 , and regulation of cardiac contractility 28 . We have previously shown that the chromosomal distributions of histone H3 lysine 9 trimethylation (H3K9me3) and histone H3 lysine 4 trimethylation (H3K4me3) rather than that of histone acetylation differ between the normal and failed heart in animal models of heart failure 29 . Additional evidence suggests that histone methylation on lysine 4 (K4), K9, or K36 of histone H3 are involved in cardiac remodeling [30] [31] [32] [33] . Therefore, both histone methylation and histone acetylation may act as therapeutic targets for the management of heart failure.
H3K9me3 is associated with heterochromatin formation and is required to establish the pericentromere and telomere regions 34 . Alterations in H3K9me3 levels at various genomic loci, including satellite repeats and repetitive transposable elements, are also associated with cancer and stress responses 35, 36 . However, neither the role of H3K9me3 on repetitive loci in the failing heart nor the efficacy of histone methyltransferase inhibitors in heart failure has been clarified.
Therefore, in this study, we investigated H3K9 trimethylation status on repetitive elements in the failing heart and hypothesized that the histone-modifying enzyme affecting H3K9 trimethylation status may play an important role in heart failure. SU(VAR)3-9 is an enzyme that catalyzes the conversion of K9 in histone H3 from a dimethylated form to a trimethylated form. Chaetocin, a natural small molecule produced by fungi of the Chaetomium species 37 , is an inhibitor of SU(VAR)3-9 38 . Thus, we investigated whether this H3K9 methyltransferase inhibitor blocked the progression of heart failure in an animal model. In this study, we showed that chaetocin delayed the transition from hypertrophy to heart failure, restored mitochondrial dysfunction in failing hearts, and prolonged animal survival.
Results
Chaetocin improved the prognosis of Dahl salt-sensitive (DS) rats with heart failure. A highsalt diet in DS rats induced hypertension, leading to left ventricular (LV) hypertrophy and heart failure at around 13 weeks. The blood pressures of animals consuming a high-salt diet were high, regardless of chaetocin administration (Fig. 1A) . At the age of 13 weeks, the body weights of animals fed a high-salt diet were lower than those of animals fed a normal-salt diet (Supplemental Fig. 1 ). Heart weight/body weight (HW/BW) ratios were higher in the heart failure (HF) group [high-salt diet containing 8% NaCl, HS (− )] than in the control group [normal-salt diet containing 0.3% NaCl, NS (− )]. The increases in HW/BW ratios in rats consuming the high-salt diet were not significantly reversed by administration of chaetocin [high-salt diet with 0.25 mg/kg of chaetocin, HS (ch+ ); Fig. 1B ]. The expression of the gene encoding natriuretic peptide precursor A (Nppa), a marker of heart failure, was upregulated in LV tissues in the HF group, and this increase in expression was significantly suppressed by chaetocin administration (Fig. 1C) . To determine whether chaetocin could improve cardiac function, we performed echocardiographic studies in 13-week-old rats. LV systolic function, represented by fractional shortening (FS), was significantly improved following treatment with chaetocin. Additionally, LV posterior wall thickness was not changed following chaetocin treatment (Fig. 1D ). These data indicated that chaetocin did not affect the development of cardiac hypertrophy, but did maintain LV systolic function. To assess the influence of chaetocin on cardiac fibrosis, we examined cardiac tissues microscopically. Fibrotic areas were detected using Elastica van Gieson (EvG) stain with picrosirius red staining of sectioned tissue. The fibrotic area tended to be larger in the HF group than in the control group, and administration of chaetocin tended to reduce cardiac fibrosis (Fig. 1E) . The survival rate was significantly improved by treatment with chaetocin (Fig. 1F) . These data suggested that chaetocin improved the prognosis of DS rats with heart failure by delaying the transition from hypertrophy to heart failure.
Chaetocin restored the downregulation of mitochondria-related genes in heart failure. To determine the mechanisms underlying the effects of chaetocin, we used DNA microarray analysis in LV tissues of DS rats. Chaetocin is an inhibitor of SU(VAR)3-9 methyltransferase activity 38 . Therefore, we focused on genes whose expression levels decreased in failing hearts and were restored with chaetocin treatment. Fifty genes were identified based on the following criteria: (1) the ratio of gene expression in the HF group to that in the control group was less than 0.5; (2) the ratio of gene expression in the treatment group to that in the HF group was greater than 1.4; (3) the normalized expression level in the HF group was equal to or greater than 100 (Table 1) . "Mitochondrion" was identified as the gene ontology (GO) term with the smallest Hyp* value by singular enrichment analysis of the "cellular component" category in the GeneCodis3 database (http://genecodis.cnb.csic.es/ release/) using the set of 50 genes shown in Table 1 ( Fig. 2A) . Therefore, we focused on mitochondrial function. Detailed results for the GO analyses of the 50 identified genes are given in Supplemental Tables 3 and 4 .
Chaetocin improved mitochondrial respiration and increased the mitochondrial content in failing hearts. To investigate whether chaetocin improved mitochondrial function, we measured mitochondrial respiration with pyruvate/malate as an energy source. Respiration states (2-4) and uncoupled respiration rates were calculated as nmol of oxygen/min/mg of mitochondrial protein. State 3 and uncoupled respiration of mitochondria isolated from rats in the HS (ch+ ) group tended to be higher than that from rats in the HS (− ) group, although statistical significance was never reached (p > 0.1). Importantly, in every mitochondrial preparation, a small amount of contaminants from other organelles and debris may be present and contribute to the overall protein concentration. Moreover, mitochondrial preparations from damaged tissue may be unstable and cause variability in the data when the same amount of protein is used for each respiration assay. Respiratory control Continued rates (RCRs), an index of the overall health of the mitochondria, are calculated from the ratio of state 3 to state 4 and the RCR value is independent of preparation variability. Consequently, a significant increase in the RCR value was found in rats in the HF with chaetocin group [HS (ch+ )] (Fig. 2B ).
Although the mitochondrial DNA content was not different between the control group and HF group, a significant increase in mitochondrial DNA content was observed following treatment with chaetocin (Fig. 2C) . Moreover, the expression of the gene encoding peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Pgc1α), which plays important roles in mitochondria biogenesis and energy production, was significantly increased after chaetocin administration (Fig. 2D ). These findings suggested that chaetocin improved mitochondrial respiration mediated by the increase in mitochondrial DNA content and expression of Pgc1α in failing hearts.
Heart failure increased H3K9me3 levels on repetitive elements, and this effect was reversed following chaetocin treatment. To investigate H3K9me3 status in the whole genome, including repetitive elements in the heart, we performed chromatin immunoprecipitation (ChIP) for analysis of sequences exhibiting H3K9me3 in the failed LV with or without chaetocin treatment and in controls. At 6550 loci associated with repetitive elements, heart failure caused an increase in H3K9me3 alignment compared with that in control samples. We defined these elements as "HF-up. " Ninety-nine percent of HF-up loci, i.e., 6534 repetitive elements, showed a corresponding reduction in H3K9me3 in response to chaetocin treatment. In contrast, at 335 loci, we observed a reduction in H3K9me3 alignment in the failing heart compared with that in the controls. We defined these elements as "HF-down. " Administration of the inhibitor reversed this effect for 10.4% of these HF-down loci, i.e., 35 repetitive elements (Fig. 3A) . Thus, HF increased H3K9me3 levels on repetitive elements, and chaetocin altered H3K9me3 levels in those loci, as expected based on the inhibitory activity of H3K9 methyltransferase in heart tissues.
Chaetocin reduced H3K9me3 levels on intronic repetitive elements of Pgc1α. In this study, we focused on genomic regions in close proximity to RefSeq genes. Two repetitive loci in the intron of Pgc1α exhibited elevated H3K9me3 levels in the failing heart, and this effect was suppressed by chaetocin treatment (Fig. 3B) . The other repetitive loci exhibiting elevated H3K9me3 levels in the failing heart included several genomic regions located in close proximity to mitochondrial genes. For example, we identified the following gene regions: an intron of Acyl-CoA dehydrogenase, medium-chain, Acadm (Fig. 4A) ; two intronic regions of NADH-ubiquinone oxidoreductase Fe-S protein 4, Ndufs4 (Fig. 4B) ; and a region in an intron for hexaprenyldihydroxybenzoate methyltransferase, mitochondrial precursor, Coq3 (Supplemental Fig. 2) . Consistent with the H3K9me3 epigenetic profile, the mRNA levels of Acadm and Ndufs4 were reciprocally lowest in the failing heart, as judged from quantitative real-time PCR. Although the restoration of Coq3 mRNA with treatment was not significant, elevated H3K9me3 in the failing heart compared with that in the control heart may have contributed to down-regulation of Coq3 expression.
GO analyses of "HF-up" H3K9me3 repetitive loci reversed by chaetocin.
The ratio of the length of repetitive sequences to the genomic length of whole RefSeq genes, including 10 kb up-or down-stream of those genes, was 31.905%. Additionally, the ratio of the genomic regions for genes categorized as "mitochondrion" was 31.791%. These data suggested that the length of repetitive sequences relative to the genome was not different between whole RefSeq genes and genes categorized as "mitochondrion". A total of 2588 regions identified as showing the "HF-up" H3K9me3 loci reversed by chaetocin on any RefSeq gene or within 10 kb up-or down-stream of those genes were registered within GeneCodis3. Of those regions, the number of genes categorized as "mitochondrion" was 161 (6.2%). The number of whole RefSeq genes of the rat genome on GeneCodis3 was 29516. Of these genes, the number of genes categorized as "mitochondrion" by GO analysis was 1247 (4.2%). Therefore, enrichment of the "HF-up" H3K9me3 repetitive loci reversed by chaetocin to the GO "mitochondrion" was 1.47-fold greater than that observed by chance. The Hyp* value was 0.00000651241. These regions of the Table 1 . DNA microarray analysis of LV tissue of DS rats. GO: gene ontology; NS (− ), normal salt diet without chaetocin; HS (− ), high-salt diet without chaetocin; HS (ch+ ), high-salt diet with chaetocin.
"HF-up" H3K9me3 repetitive loci reversed by chaetocin included the intronic regions of Acadm, Ndufs4, and Coq3.
In conclusion, these data suggested that chronic stress to the heart caused excessive heterochromatinization on repetitive elements, including regions neighboring mitochondrial genes, such as Pgc1α, thereby decreasing the expression of the target genes and leading to mitochondrial dysfunction. H3K9 methyltransferase inhibitors may have promising applications as novel therapies for chronic heart failure by reducing excess heterochromatinization at repetitive regions in the genome and restoring heart function.
Discussion
In this study, we demonstrated that the histone H3K9 methyltransferase inhibitor chaetocin blocked the progression of heart failure and alleviated mitochondrial dysfunction. This epigenetic treatment may improve outcomes in patients with heart failure.
Alterations in H3K9me3 levels at various genomic loci, including satellite repeats and repetitive transposable elements, have been shown to be associated with cancer and stress responses 35, 36 ; therefore, we focused on the 40 . Consistent with a previous study, stress to the heart may have induced H3K9 methylation of repetitive elements in intronic regions in our study. Based on the previous two reports 39, 40 , heterochromatinization of repetitive elements around critical genes or the formation of heterochromatin with HP1 may contribute to the pathophysiology of chronic heart failure. The Pgc1α gene, which we identified as "HF-up" and was found to exhibit restored H3K9me3 levels after chaetocin treatment, plays a key role in mitochondrial biogenesis and energy production. In addition to Pgc1α, we identified other genes that were related to mitochondrial function in this study. Acadm encodes an enzyme that catalyzes the initial reaction in the beta-oxidation of fatty acids 41 . The protein product of Coq3 is a critical component of the electron transport pathways in both eukaryotes and prokaryotes 42 . Ndufs4 encodes a component of the first multi-subunit enzyme complex of the mitochondrial respiratory chain 43 , which plays a vital role in cellular ATP production. Compared with the level of restoration of Pgc1α gene expression, the improvement in cardiac systolic function was more drastic. Therefore, the parallel restoration of the expression of these mitochondria-function related genes, i.e., Acadm and Ndufs4, may have caused this effect. Furthermore, we speculate that the discrepancy between the complete change in H3K9me3 in response to chaetocin in the repetitive elements of Pgc1α and the smaller restoration of Pgc1α gene expression may be explained by the occurrence of H3K9me3 and other epigenetic modifications during the progression and development of hypertrophy/heart failure. For example, histone deacetylation and DNA methylation at the promoter region may have occurred. Additional administration of the HDAC inhibitor may be more effective at restoring mRNA expression to basal levels.
Our results suggested that chronic stress to the heart may gradually promote excessive heterochromatinization at repeats in the introns of critical genes for pumping function, such as genes related to mitochondrial function. The H3K9 methyltransferase inhibitor chaetocin may maintain the appropriate chromatin structure and reverse the excessive heterochromatinization. Therefore, histone H3K9 methyltransferase inhibitors may represent potential novel therapies for chronic heart failure. Moreover, although chaetocin was initially identified as the first specific inhibitor of SU(VAR)3-9 38 , a recent report from another laboratory showed that it may not exhibit high . The disulfide bridge of the epipolythiodioxopiperazine (ETP) unit may have a central role in mediating the histone lysine methyltransferase inhibitory activity of chaetocin through a nonspecific mechanism. Other ETP natural products can also inhibit histone lysine methyltransferases 45 . Thus, it will be important to investigate whether other ETP products have similar effects on improving the prognosis of heart failure. Moreover, further experiments are needed to determine which histone lysine methyltransferase activity is inhibited by chaetocin in this model. In addition, as we cannot exclude the possibility that improvement of cardiac function by chaetocin caused the restoration of mitochondrial function-related gene expression, additional experiments using techniques, such as knockdown of Su(var)3-9, are required in order to show that alterations of H3K9me3 level or those of expression in mitochondrial function-related genes are primary.
Materials and Methods
Animals and drug delivery. All animal experiments in this study were approved by the Keio University Institutional Animal Care and Use Committee (09088) and were carried out in accordance with the Institutional Guidelines on Animal Experimentation at Keio University. Five-week-old male DS rats were purchased from Sankyo Labo Service Corporation, Inc. (Tokyo, Japan). The rats were divided into four groups: control [normal-salt diet containing 0.3% NaCl, NS (− )], normal-salt diet with chaetocin [0.25 mg/kg of chaetocin (SigmaAldrich Co. LLC., St. Louis, MO, USA), NS (ch+ )], HF [high-salt diet containing 8% NaCl, HS (− )], and treatment [high-salt diet with 0.25 mg/kg of chaetocin, HS (ch+ )] group. Chaetocin was dissolved in dimethyl sulfoxide (DMSO). Rats in the treatment group were administered 0.25 mg/kg of chaetocin intraperitoneally twice a week from 6 weeks of age until 13 weeks of age, as previously reported 46 . Animals were sacrificed, and tissues were stored appropriately for individual experiments.
Blood pressure and echocardiographic evaluations. Blood pressure levels were measured at 5, 8, 10, and 13 weeks using the tail-cuff method (BP-98 A-L; Softron, Tokyo, Japan). Hearts of 13-week-old rats were evaluated by echocardiography using a VisualSonics (Vevo 2100; VisualSonics Inc.). Detailed procedures for blood pressure measurements and echocardiographic evaluations are given in the Supplemental Methods.
Morphometric analysis. Heart tissue was fixed in formalin, embedded in paraffin, and cut into 5-μ m-thick sections. Sections were stained with hematoxylin-eosin or with EvG and picrosirius red to examine morphology and identify cardiac fibrosis. To evaluate collagen fiber quantity, the sections were observed using a fluorescence microscope (BZ-9000; KEYENCE Japan Inc. Osaka, Japan). The fibrotic volume fraction was assessed as the total fibrotic area (calculated by a cell-count system) divided by the total LV volume multiplied by 100.
Quantitative real-time polymerase chain reaction (PCR). Double-stranded cDNA was synthesized from 2 μ g RNA and subjected to PCR with TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and predesigned gene-specific primer and probe sets (TaqMan Gene Expression Assays: Applied Biosystems). Detailed procedures for real-time quantitative PCR are given in the Supplemental Methods.
DNA microarray. RNA was extracted from LV samples in rats at the stage of heart failure using mirVana (Applied Biosystems), according to the manufacturer's instructions. A mixture of RNA from three samples randomly chosen in each group was applied for genome-wide gene expression analysis using a Rat Oligo chip 20 K (TORAY). Gene ontology analysis was performed using GeneCodis3 (http://genecodis.cnb.csic.es/) [47] [48] [49] . Alteration of H3K9me3 level at the repetitive elements. We aligned the H3K9me3-ChIP' d reads to genomic features using both the rn4 assembly of the rat genome and a database of rat repetitive elements from the UCSC RepeatMasker track. If the ratio of nucleotide number overlapping between repetitive elements and sequenced reads to minimum number of nucleotides in the repetitive element or in the sequenced read was 90% or more, we considered it to be "overlapped". We identified H3K9me3-enriched-regions on repetitive elements as those having 100-fold differences in H3K9me3 relative to input DNA.
ChIP.
Isolation of heart mitochondria. Mitochondria were freshly isolated from 13-week-old hearts, as described previously 50 . Additional details are given in the Supplemental Methods.
Mitochondrial oxygen consumption. Mitochondrial oxygen consumption (mitochondrial respiration)
was measured with a Clark-type O 2 electrode using the Oxygen Meter Model 781 and the Mitocell MT200 closed respiratory chamber (Strathkelvin Instruments) at 37 °C, as described previously 50, 51 . Additional details are given in the Supplemental Methods.
Mitochondrial protein and DNA content. The protein concentrations in mitochondrial fractions were measured using BCA protein assays. Mitochondrial DNA isolated from the heart was analyzed by real-time quantitative PCR using a Thermal Cycler Dice Real Time System TP800 (Takara Bio Inc., Shiga, Japan). All samples were normalized to genomic DNA content. Primer and probe sequences for each PCR are shown in Supplemental Table 2 .
Statistical analysis. The cumulative survival rates of rats in the different groups were compared using log-rank tests. All results are presented as means and standard deviations (SDs). Statistical comparisons were carried out using one-way analysis of variance (ANOVA) with post-Bonferroni corrections for Figs 1A-D and 4 and with post-hoc Dunnett corrections for Fig. 2B-D. 
